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Abstract
To delineate parameters contributing to the extracellular lifetime of retroviral vectors, we carried out stability tests of retroviruses derived
from cell lines of different origin and kept under different cultivation conditions. Results show that amphotropic mouse retroviruses
(MLV-A) derived from human and hamster cells exhibit 2- to 3-fold higher half-lives compared to retroviruses from mouse cells. Cultivation
at 32°C has been reported to yield high virus titers. However, the benefit of virus production in mouse cells at 32°C is controversial. In our
hands the cultivation temperature affected, hitherto not noticed, the half-life time of MLV-A. The 37/32°C shift resulted in a 3-fold decrease
of viral half-lifes compared to MLV-A released from mouse cells at 37°C. Thus, MLV-A released at 37°C is phenotypically different from
MLV-A synthesized at 32°C. Increased virus stability was inversely correlated with the level of cholesterol in the viral membrane. Finally,
depletion of viral cholesterol in vitro resulted in intact virus with increased thermal stability. Thus, retrovirus lability depends on the host
cell and parallels the cholesterol amount in the viral lipid shell.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
Retroviral vectors have evolved as important tools in
human gene therapy. Due to the rapid progression in the
field, the characterization of physicochemical and biological
properties of retroviral vectors has received more and more
interest. Investigation of parameters influencing the produc-
tion and technical properties, such as downstream process-
ing, transport and storage, and the stability in human blood,
is needed. On one hand, the efficiency of transduction into
primary cells using retroviral vectors depends on the initial
viral titers applied and on the stability of virus during the
transduction period (Andreadis et al., 2000; Le Doux et al.,
1999), and, on the other hand, compounds of cellular origin
released into the medium affect gene transfer results nega-
tively (Le Doux et al., 1996, 1999). Due to the application
two transduction protocols can be distinguished. For ex vivo
transduction, cells are isolated from a patient and externally
propagated. In that case the stability in growth medium is
predominant. For in vivo applications, vectors are mostly
delivered to the bloodstream and therefore the stability in
the human blood is of interest. Both procedures require
physicochemically stable particles, in the in vivo approach,
additionally, the biological stability of retroviral vectors in
the presence of the immune system is important. In the past
decade several efforts have been made to determine extra-
cellular (Layne et al., 1992; Paul et al., 1993; Pham et al.,
2001; Sanes et al., 1986) or intracellular viral half-lives
(Andreadis et al., 1997) of mouse retroviruses or other
retroviruses like HIV-1. Investigations were performed on
ecotropic and amphotropic MLV (MLV-E and MLV-A,
respectively) using mouse host cells. However, the cellular
contribution to temperature sensitivity has not been eluci-
dated yet, despite the fact that the outer viral shell is derived
from the cellular plasma membrane and reflects its charac-
teristics. It is evident that the plasma membrane shows a
cell-type-specific decoration with glycoproteins, glycolipids
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and lipids and, thus, should determine the physicochemical
properties of retroviruses derived thereof. In addition, tem-
perature changes (heat shock, cold shock, cold adaptation)
exert certain cellular responses in host cells and may also
influence viral properties (Vigh et al., 1998). In a concom-
itant report we have shown that 32°C cultivation of mouse
NIH3T3 cells results in an increase of plasma membrane
cholesterol (Beer et al., submitted). The effect of such an
increase on the outer shell of mouse retroviruses and their
properties has not been investigated so far.
Production of viruses at 32°C in mouse cells has been
reported to result in increased virus infectivity (Kotani et al.,
1994; Lee et al., 1996; Mc Taggart and Al-Rubeai, 2000).
However, in two investigations virus yield was not or ad-
versely affected (Cruz et al., 2000; Forestell et al., 1995)
which may be explained by the specific conditions applied.
We hypothesized that the cellular adaptive response to 32°C
not only may result in altered membrane properties but also
may exert an effect on viruses incorporating certain parts of
the altered plasma membrane. In the present investigation
we have studied the stability and production of MLV-A at
different temperatures and their dependence on the type of
producer cell line. We show that both the host cell and the
temperature of cultivation exert a distinct effect on viral
thermal stability. Moreover, evidence accumulated that tem-
perature stability of MLV-A is inversely linked to the cho-
lesterol content of the viral lipid shell.
Results
The temperature stability of amphotropic mouse
retroviruses depends on the individual host cell line
Due to specialization cells differ with respect to lipid
composition of their plasma membrane and equipment with
transmembrane glycoproteins and glycolipids. As the outer
membrane of the virus carrying the envelope protein is
derived from the plasma membrane, the viral outer shell
reflects the intrinsic properties of this plasma membrane to
a certain extent. Furthermore, viral mRNAs and proteins
undergo certain modifications (splicing, folding, glycosyla-
tion, etc.) during their transport inside the cell, which are
partly cell specific. To assess the contribution of the host
cell on viral properties we initiated studies on thermal sta-
bility of MLV-A viruses released from cells of different
origin (mouse, hamster, human). MLV-A viruses were gen-
erated by the helper approach or by packaging cells as
described under Material and methods. Viruses were har-
vested after 24 h of growth in fresh medium at 37°C and
stored for the indicated periods at the specified temperatures
which was followed by determination of the remaining viral
titer (Fig. 1). Viral half-lives were derived mathematically
from the kinetics by a curve fitting software. Interestingly,
viral half-lives differed between viruses from individual
host cell lines. Maximum stability was observed with vi-
ruses derived from the hamster cell lines BHK-A (t1/2 
189 h) and BHK21B (t1/2 216) when cells were cultivated
for virus production at 37°C and stored at 4°C. Stability was
increased 2.5- to 3-fold compared to virus derived from
NIH3T3 (t1/2  74 h), the parental cell line of numerous
mouse packaging cell lines. Analysis using the Weir test
supported that the increase was statistically significant for
BHK-A- and BHK21B-derived MLV-A (Fig. 1). At room
temperature (19°C) the maximum stability was detected for
TE671-derived MLV-A (t1/2  116 h), being 2- to 4-fold
higher compared to BHK- or NIH3T3-derived virus. Inter-
estingly, the stability of MLV-A produced by BHK-A and
BHK-B cells decreased disproportionately at room temper-
ature compared to 4°C. Thus, the cell line considerably
influences the temperature stability of retroviruses derived
thereof.
The cultivation temperature of MLV-A producing cells is
a critical determinant of virus stability
Previous investigations indicated that the temperature of
cultivation of viral producer cells can affect retroviral titers.
A 32°C cultivation was shown to yield higher virus titer
(Kaptein et al., 1997; Kotani et al., 1994; Le Doux et al.,
1999; Lee et al., 1996), but this effect was not confirmed
without exception (Cruz et al., 2000; Forestell et al., 1995).
We also could not confirm the positive influence of 32°C
cultivation on viral titers for several cell lines such as
NIH3T3, BHK-A, BHK-B, and TE671 (data not shown). In
most publications the viral stability and productivity were
determined for a defined temperature. Thus, the findings
reflect the contribution of two processes, the cellular capac-
ity of virus release and virus degradation. We wondered
whether cell productivity and retrovirus stability were the
only parameters contributing to the overall viral kinetics.
Recent results indicate that cells respond to a reduced cul-
tivation temperature of 32°C by altered gene expression of
10% of the investigated genes (Beer et al., submitted). This
may also affect the intrinsic properties of viruses derived of
temperature-shifted cells. Therefore, the rates of retrovirus
production and decay were determined independently. For
that purpose, titers and the temperature stability of viruses
which had been produced at 32 or 37°C temperatures were
measured. We cultivated a mouse retrovirus producer cell
line at 37 or 32°C, harvested the supernatants, and stored
them at 4 and 19°C for defined time periods. Interestingly,
half-lives of viruses produced at 37 and 32°C differ consid-
erably (Fig. 2). Retroviruses produced at 37°C in NIH3T3
were more stable than viruses harvested from a 32°C pro-
duction and exhibited a 2- to 3-fold higher half-life at
storage temperatures of 4 and 19°C. To delineate the influ-
ence of the cell type on this phenomenon virus was taken
from human TE671, hamster BHK-A, and BHK-B cell
lines. All cell lines investigated showed a decrease in the
stability of MLV-A upon virus production at 32°C. The
Weir test indicated that this decrease in stability was statis-
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tically significant for MLV-A derived from NIH3T3,
BHK-A, and BHK21B. For MLV-A(TEFlyA7) a statistical
analysis could not be done as the number of experiments did
not meet the acceptance criteria required for the test (Fig. 2).
However, a study performed indepently by a cooperating
laboratory confirmed that MLV-A derived from TEFlyA7 is
less stable when packaging cells are cultivated at 32°C
compared to 37°C (data not shown, Cruz et al., submitted).
Virus from BHK-A exhibited a similar decrease if 37/32°C
supernatants were kept at 4°C. When supernatants were
incubated at 19°C, viruses derived from 32°C cell cultiva-
tion exhibited a 1.5-fold higher half-life than virus resulting
from a 37°C production (data not shown). Thus, retroviral
stability depends on the production temperature. However,
the degree of destabilization by reduction of the cultivation
temperature is determined by the viral host cell line.
To confirm that equal virus outburst occurs at both cul-
tivation temperatures and that reduced viral stability is not
due to a lower amount of incorporated envelope proteins in
the viral particles, we investigated whether the production
of MLV-A at 32°C versus 37°C leads to a reduced level of
viral envelope protein. To avoid shedding of the envelope
proteins the viral particles were concentrated using ultrafil-
tration as a gentle method for virus concentration. Virus
suspensions were used for Western blot analysis (Fig. 3A)
followed by densitometric evaluation (Fig. 3B). MLV-A
from cells cultivated at 32°C have only marginally lower
(0.73-fold) envelope protein levels as MLV-A produced at
37°C. Similar results were achieved when the MLV-A p30
protein levels were compared (data not shown).
Cholesterol levels inversely correlate with temperature
stability of retroviruses
In a recent investigation we used gene expression pro-
filing by microarray technology to understand how cultiva-
tion temperature and MLV-A production affect NIH3T3
cells (Beer et al., submitted). We found that the expression
of 5% of the investigated genes was altered by infection
with amphotropic MLV and around 10% of the genes are
affected when cells are cultivated at 32°C. Interestingly, the
expression of several genes coding for proteins involved in
cholesterol biosynthesis and transport was altered by the
downshift of the cultivation temperature to 32°C. Simulta-
neously, the cholesterol level of the plasma membrane in-
creased 1.4-fold after 24 h of cultivation at this temperature.
Cholesterol is a critical component of the plasma membrane
of mammalian cells as it determines the rigidity of the cell
membrane. Cholesterol abundance in membranes of other cel-
lular compartments (e.g., ER, Golgi) is low. To determine
whether cellular cholesterol levels parallel viral stability, cel-
lular and viral cholesterol was quantitated after chloroform/
Fig. 1. The temperature stability of MLV-A depends on the producer cell line. Supernatants from MLV-A producing cell lines cultivated at 37°C were
incubated for 0, 1, 2, 4, 8, 16, and 32 days at 4 and 19°C. Retroviral half-lives were determined for each temperature and host cell line after initial/residual
titer determinations from virus decay kinetics. Typical decay curves are depicted (NIH3T3 produced MLV-A). The data are average values from six (NIH3T3,
BHK-A, BHK21B) and two (TE Fly A7) independent experiments in double determinations. Significance levels determined by the Weir test in comparison
to 4070A MLV(NIH3T3): tBHK-A  2.2; tBHK21B  2.5; tTE FlyA7  n.d.
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methanol extraction using the infinity cholesterol reagent kit
(Sigma), which allows the enzymatic quantification of choles-
terol and cholesterol esters. Interestingly, cellular cholesterol
levels decreased in the order NIH3T3  TE671/BHK-A 
BHK-B, which resembles the order of viral thermal lablity
mediated by these cell lines (data not shown). Thus, cellular
cholesterol levels seem to be linked to the stability of MLV-A
derived thereof.
High cholesterol levels are known to stabilize membranes
during cooling (Drobnis et al., 1993) and cells counteract
decreasing temperatures by increasing the membrane choles-
terol levels. To investigate whether cholesterol levels were also
increased in the lipid shell of viruses derived from 32°C cell
cultivation, enzymatic determination of the cholesterol level in
MLV-A was performed after concentration of virus by centrif-
ugation. Results, shown in Table 1, reveal that cholesterol
levels of the viral lipid shell were raised by a factor of 3.3 when
cultivation temperatures of the host cells were shifted from 37
Fig. 2. The cultivation temperature of the host cell determines MLV-A temperature stability. MLV-A from NIH3T3 cells cultivated at 32 or 37°C was
investigated for temperature stability. Half-lives were determined as described under Material and methods. The data are average values from six (NIH3T3,
BHK-A, BHK21B) and two (TE Fly A7) independent experiments in double determinations. Significance levels: tNIH3T3  8.8; tBHK-A  4.5; tBHK21B 
2.4; tTE FlyA7  n.d.
Fig. 3. Envelope protein levels of MLV-A released from NIH3T3 cells cultivated at at 32 and 37°C. Viruses were concentrated using ultrafiltration as
described under Material and methods. (A) The protein concentrations of the virus suspensions were as follows: MLV-A-32°C, 11.7 mg/ml; MLV-A 37°C,
7.8 mg/ml. Equal volumes were subjected to SDS-gel electrophoresis followed by Western blot analysis to detect the viral envelope proteins. (B) Relative
env protein levels of MLV-A. Envelope protein levels were determined by densitometric analysis of data in A and calculated per milligram protein. The
amount of env protein of MLV-A (37°C production) was set to 1.
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to 32°C. Reduction of cultivation temperatures to 32°C results
in increased cholesterol incorporation into cellular and, to a
larger extent, viral membranes.
To investigate the kinetics of cholesterol incorporation
during the adaptation process, cholesterol and cholesterol
esters were determined from MLV-infected NIH3T3 cells
which had been incubated for different times at 37 and
32°C. The amount of cholesterol and cholesterol esters was
increased up to 2-fold when mouse NIH3T3 cells were
cultivated at 32°C up to 3 days (Fig. 4). The cholesterol
level reached a plateau after 4 days of cultivation at 32°C
(data not shown). Thus, if temperature resistance of MLV
retroviruses is affected by plasma membrane cholesterol,
virus stability should exhibit an altered temperature stabil-
ity. For that reason the temperature stability of virus from
different time periods of production at 32 and 37°C was
determined. Strikingly, virus stability declined with increas-
ing time of cell cultivation at 32°C. Obviously, viral tem-
perature lability correlates with the cholesterol plasma
membrane level of the producer cells. This suggests that
cholesterol level of the plasma membrane determines viral
thermal stability.
In vitro depletion of retroviral cholesterol increases
temperature stability of MLV-A
To gain evidence for a contribution of cholesterol in
retroviral stability, we carried out experiments resulting in
inhibition of cholesterol synthesis in retrovirus packaging
cells or physical depletion of cholesterol from purified vi-
ruses. Different inhibitors of cholesterol biosynthesis (e.g.,
lovastatin, compactin) were investigated. However, inhibi-
tors used exhibited severe side effects on cell viability,
making an evaluation of results not possible. Therefore,
cholesterol depletion by treating purified MLV-A with
methyl--cyclodextrin (MBCD) was chosen. MBCD has
Table 1
Cholesterol/cholesterol esters content of MLV-A producing NIH3T3 and MLV-A virus cultivated or produced at 37° or 32°C.
NIH3T3 cella MLV-A (NIH3T3)b
32°C 37°C 32°C 37°C
Cholesterol [g/cell or MLV-A] 6.2  106  1.3  106 4.5  106  1.1  106 6.0  108  2.6  108 1.8  108  3.6  1010
Ratio 32°C/37°C 1.4 3.3
a NIH3T3 cells were cultivated at 32 or 37°C for 24 h and the amount of cellular cholesterol/cholesterol esters was determined after extraction of cells
with chloroform/methanol using the Infinity cholesterol reagent kit. The cholesterol concentration was determined for one cell. Data are average values from
seven independent experiments in double or triplet determinations.
b MLV-A from NIH3T3 produced at 32 or 37°C (24 h) was concentrated and cholesterol was determined as described under Material and methods. The
cholesterol concentration was determined for one viral particle. Data are average values from two independent experiments.
Fig. 4. Kinetics of cholesterol incorporation upon adaptation of cells to 32°C and the influence on MLV-A temperature stability. MLV-A producing or
nonproducing NIH3T3 cells were incubated for the indicated time periods at 32 and 37°C, respectively. At the indicated time points cellular cholesterol levels
were determined and MLV-A-containing supernatants were harvested. Cholesterol level of cells cultivated and viral stability of MLV-A produced at 32°C
were related to the cellular cholesterol level and viral stability of MLV-A produced at 37°C. The cholesterol levels of cells cultivated at 37°C and the stability
of MLV-A produced at 37°C were set as 100% and relative cholesterol levels of cells cultivated at 32°C and the stability of MLV-A produced at 32°C are
shown. The data are average values from two independent experiments.
141C. Beer et al. / Virology 308 (2003) 137–146
been shown to specifically remove cholesterol from plasma
membranes of a variety of cell types (Klein et al., 1995;
Ohtani et al., 1989; Yancey et al., 1996). MBCD treatment
of purified MLV-A results in cholesterol-depleted virus
(Fig. 5). Upon MBCD treatment, membranes lost about
77% of their cholesterol. MBCD-treated viruses were in-
vestigated for their temperature stability properties in com-
parison to untreated viruses. Interestingly, viruses with re-
duced cholesterol levels of the viral membrane exhibited a
4- to 12-fold increased temperature stability. These results
provide direct evidence that the cholesterol levels in the
lipid shell indeed are responsible for retroviral temperature
stability. Increased cholesterol levels result in thermal de-
stabilization of MLV-A.
Discussion
The generation of physicochemically stable retroviral
vectors for gene therapy is a challenging goal. In an effort
to understand phenomena underlying retroviral temperature
stability, we have investigated the dependence of retroviral
decay at different temperatures on the host cell and culti-
vation conditions. We found that retroviral stability is de-
pendent on the cell type and is lower at 32°C compared to
37°C production temperature. This phenomenon is due to
the differences in the lipid composition in the shell of the
retrovirus, which is dependent on the composition of the
cellular plasma membrane. Especially, the cholesterol por-
tion of the viral membrane determines the viral temperature
stability.
Mouse retroviruses are unstable particles in physico-
chemical terms. They are sensitive to temperature, shear
forces, pH, and absorptive processes.
In our investigation, we compared temperature stabilities
of amphotropic MLV-A released from different cell lines
(human, hamster, and mouse) at preferred storing tempera-
tures. Half-life times of MLV-A from NIH3T3 cells at 19
and 4°C (47 and 74 h, respectively) are in the range of
Fig. 5. Cholesterol-depleted retroviruses exhibit increased thermal stability. Equal volumes of purified MLV-A (NIH3T3) were treated with 0 or 5 mM
methyl--cyclodextrin (MBCD), the cholesterol level of the virus suspension was determined, and the temperature stability of cholesterol-depleted and
untreated MLV-A was compared. For every probe the titers were normalized to the initial titers. The data for each time point were determined in independent
experiments.
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published data for such a cell type/vector combination
(Kaptein et al., 1997; Le Doux et al., 1999; Lee et al., 1996).
When incubated at 19°C, half-life times of MLV-A vectors
at 19 and 4°C, irrespective of the cell line, decline by a
factor of 1.3 to 6. We noted that the absolute values of
retroviral half-lives derived from different host cells differ
up to 4-fold (compare human TE Fly A7 and BHK-A) at
19°C and 3-fold at 4°C (compare BHK21B and NIH3T3).
This points to an influence of host cellular parameters on the
half-life of MLV-A vectors. The most stable retroviruses
were derived from the BHK cell lines, followed by TE Fly
A7 and NIH3T3. Our data suggest that the decay of MLV-A
is not a simple process with a single rate constant. The
decay in MLV-A infectivity can be divided into two phases.
An initial plateau phase is followed by a simple decay (data
not shown). Previous investigations demonstrated that
growth conditions of packaging cells as the cultivation tem-
perature or the composition of the growth medium influence
the yield in infectious virus (Kaptein et al., 1997; Le Doux
et al., 1999; Lee et al., 1996). The accumulation observed of
retroviral vectors results from the kinetics of retrovirus
production and retrovirus decay at a given temperature.
Systematic studies, which independently measure these
parameters are rare (Le Doux et al., 1999). Le Doux et al.
(1999) showed that the capability of the cell for retrovirus
production is only marginally affected when the cultivation
temperature is reduced (10% for every 5°C reduction in
temperature), whereas the virus decay rate is a distinct
function of the temperature and decreases 2-fold for every
5°C reduction in temperature. These data explain why cell
cultivation at 32°C compared to 37°C results in increased
viral titers, as it has been reported in several investigations.
In our hands 32°C cultivation did not improve virus yield
upon a 24-h production period in all cell lines used (data not
shown). Two other reports support our findings that 32°C
was not beneficial to virus yield under distinct conditions
(Cruz et al., 2000; Forestell et al., 1995). The reasons for
these differences have not been elucidated so far.
As viral half-life times are dependent on the host cell and
the benefit of 32°C production is questionable, we won-
dered whether the retroviral phenotype itself is affected by
temperature conditions. For example, heat shock or “cold
shock” are known to alter the cellular machinery and the
composition of the plasma membrane. Therefore, we com-
pared the loss of infectivity of retrovirus derived from cells
cultured at 32 or 37°C. Surprisingly, retroviral stability
turned out to be dependent on the cultivation conditions.
One explanation suggests that retroviral gene expression or
posttranslational modifications are altered by temperature
downshift and influence retrovirus physicochemical proper-
ties. While the gp120 and gp41 subunits of the envelope
protein of HIV-1 are noncovalently bound (Swanstrom and
Wills, 1997) and loss of env (shedding) is a predominant
factor for loss of infectivity in lentiviruses like HIV-1,
shedding is negligible in MLV due to the more stable
disulfide linkage of the surface and the transmembrane
subunit of the MLV envelope protein (Opstelten et al.,
1998). As assessed by Western blot analysis viruses re-
leased at 32 or 37°C were not significantly different with
respect to amount and integrity of envelope and p30 pro-
teins. In addition, total viral particle numbers released from
cells were similar under both cultivation conditions (data
not shown). Thus, the reduction of the cultivation temper-
ature to 32°C affects neither the amount of envelope protein
on viruses nor the number of total viral particles released.
However, gene expression profiling at the cellular level
indicated that a temperature shift to 32°C—similar to heat
shock to 42°C—has an impact on the expression of a
variety of genes (Beer et al., submitted). Among the 120
genes affected by temperature downshift, a group of genes
was prominent as they are members of the family of effec-
tors of the cholesterol biosynthesis and transport pathway.
Subsequent experiments using enzymatic detection or a
fluorescencent-binding assay indicated that cholesterol in-
corporation into the plasma membrane is increased up to
2-fold upon reduction of cultivation temperatures to 32°C
(Beer et al., submitted).
In the budding process viruses incorporate parts of the
cellular membrane. Thus, increased cholesterol levels were
also found in retroviruses released from cells cultivated at
32°C. In our investigation we demonstrated that the com-
position of the viral membrane is a third parameter which
possibly explains these differences. Plasma membrane com-
position is dependent on the origin of the cell, as well as on
certain cultivation conditions like the temperature. A com-
ponent of the plasma membrane which was shown to be
directly connected to retroviral stability is cholesterol. On
the one hand, cholesterol of plasma membranes in individ-
ual cell types varies, and on the other hand, the proportion
of plasma membrane cholesterol is increased when cell
cultivation temperature is lowered to 32°C. We found that
the absolute cholesterol levels in the viral membrane resem-
ble the proportion of the plasma membrane cholesterol of
the individual MLV-A producer cell line. The temperature
of cultivation has an impact on the cholesterol level of the
cellular plasma membrane as well as on the viral membrane.
Interestingly, in both experimental settings, the cholesterol
content parallels the virus decay properties. In vitro deple-
tion of cholesterol from viruses results in viruses which are
more stable than their progenitors. Taken together, these
data provide evidence that the cholesterol content deter-
mines MLV-A stability at a given temperature, adding a
third parameter, which depends on the cell line as well as on
the cultivation parameters, to increase titer in virus produc-
tions.
Investigation of the ratio of infectious/total particle num-
bers revealed that temperature shift of MLV-A releasing
NIH3T3 to 32°C resulted in a decrease of the percentage of
infectious particles from 0.9 to 0.3%, while the number of
total particles and, therefore, viral outburst was similar (data
not shown, manuscript in preparation). This may argue for
decreased stability of active viral particles released at 32°C.
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We do not know whether cholesterol content of the MLV-A
membrane exactly resembles the cholesterol proportion in the
plasma membrane of the host cell in terms of phospholipid/
cholesterol ratios. It is known from previous work that HIV-1
particles and cell lines where HIV-1 replicates in the budding
of the virus were accompanied by a 2.5-fold increase of cho-
lesterol/phospholipid ratio in the viral lipid shell, arguing for a
selection of specific lipid domains within the surface mem-
brane (Aloia et al., 1993). HIV-1 has been reported to bud from
microdomains within the cellular membrane, so-called lipid
rafts, which are special regions in the plasma membrane rich in
glycolipids and also in cholesterol (Nguyen et al., 2000). In-
terestingly, upon shift to 32°C a 1.4-fold increase in cellular
cholesterol levels is accompanied with a 3.3-fold increase in
viral cholesterol levels which argues for concentration of cho-
lesterol in viruses versus cells. However, it remains to be
determined whether budding from rafts with subsequent cho-
lesterol enrichment is an exit pathway of MLV-A. Interest-
ingly, in the case of the MLV-A-related ecotropic Moloney
murine leukemia virus (MoMLV), it has been shown that the
cellular receptor for the virus is physically associated with
caveolin and membrane rafts (Lu and Silver, 2000). Although
this has not been shown for the amphotropic receptor to date,
preliminary data indicate the localization of the viral receptor
in rafts or caveolae (Beer et al. unpublished). Thus, it remains
to be determined whether MLV-A buds from rafts or other
domains of the PM.
How can cholesterol influence the stability of MLV-A?
Plasma membrane cholesterol is thought to influence mem-
brane fluidity. An increase in cholesterol stiffens the lipid
bilayer and changes the bending elasticity (Meleard et al.,
1997). The cholesterol content of mammalian plasma mem-
branes is around 20% of the total lipids and is considerably
increased when cells are rapidly cooled down or are slowly
adapted to growth at lower temperatures than 37°C. This is
associated with a decrease in the temperature of liquid phase
transition (from liquid-crystalline to gel phase) and a stabili-
zation of membranes during cooling (Drobnis et al., 1993).
Given that similar factors operate in the viral system, choles-
terol increase should make the viruses more resistant to detri-
mental effects during storage. Furthermore, it is possible that
changes in the cholesterol concentration may alter the compo-
sition of integral membrane proteins in the plasma membrane
and in the viral membrane resulting in an altered viral stability.
Clues for a possibly destabilizing effect of cholesterol en-
richment upon reduction of the cultivation temperature come
from investigations of the red cell membrane (Lange et al.,
1980). They noted that the increase of the red cell membrane
cholesterol rendered the entire cholesterol pool sensitive to
cholesterol oxidase digestion. Susceptibility to oxidation was
reversed by removal of the excess cholesterol. Similar to these
reports, Pal et al. (1980) noted that cholesterol oxidase diges-
tion of viral and artificial membranes showed a dependence on
membrane cholesterol. Thus, excess cholesterol alters the
structure of the plasma membrane, making it more sensitive to
environmental attacks. A more general explanation for a tem-
perature-dependent decay of enveloped viruses upon storage
comes from reports of Poryvaev and co-workers (Poryvaev
and Zykova, 1995; Poryvaev et al., 1996). The authors dem-
onstrated that lipid peroxidation, an autocatalytic reaction, oc-
curred in the course of storage of influenza virus suspensions.
They suggest that in this “lipid mechanism” of influenza virus
decay activation of lipid oxidation in the viral envelope is
followed by the inactivation of the viral nucleoprotein. Lipid
oxidation is also responsible for membrane destruction ob-
served in certain diseases. Destruction is supposed to result
from increased exchange of oxidized lipids within the bilayer
(Vila et al., 2000).
Recommendations for retrovirus production include cul-
tivation of retroviral packaging cells at 32°C and subsequent
cooling of the supernatant to room temperature or 4°C.
These are favorable conditions for production and short-
term retroviral storage and downstream processing. Our
investigation shows that the temperature stability of
MLV-A retrovirus strongly depends on the host cell line
used for production and on the production temperature. This
indicates that not only environmental parameters (medium
composition, cultivation temperature, and pH) but also in-
trinsic properties of the cell and its response to environmen-
tal changes (e.g., downshift of temperature to 32°C accom-
panied by increase in cholesterol levels) can effect the
quality of retrovirus preparations. Our results have a strong
impact on retrovirus production and downstream processing
strategies. Therefore, experiments are ongoing to improve
retroviral vector quality by using inhibitors of cholesterol
synthesis in retroviral vector production, the use of choles-
terol-free serum, and screening for cells with low choles-
terol concentrations within the plasma membrane or which
are deficient in cholesterol biosynthesis.
Materials and methods
Cells, plasmids, and transfections
NIH/3T3 (ATCC CRL 1658), BHK, and TE-Fly cells
were propagated in DMEM supplemented with ampicilin/
streptomycin, glutamine, and 10% FCS. BHK-A and
BHK-B (Klein et al., 1995) are cell clones originating from
BHK-21 (ATCC CCL10) differing in their glycosylation
potential (Grabenhorst et al., 1995). TE Fly A7 (Cosset et
al., 1995) is a derivative of human TE671 (CRL 8805. Cells
were grown at 37 or 32°C, 5% CO2, and 95% humidity.
pMLVampho contains the complete amphotropic ge-
nome of 4070A MLV-A cloned into pBluescript (Genethon,
France, received via J.-C. Pages). pLEIN is a bicistronic
retroviral vector derived from pLXIN (Clontech) and carries
the EGFP gene connected by an IRES with the neomycin
resistance gene.
MLV-A producing cells resulted from cotransfection of
retroviral vectors pLEIN (Clontech) and pMLVampho and
selection of G418 (Gibco-BRL)-resistant clones as de-
scribed (Wirth et al., 1994). Selection conditions were 1
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mg/ml G418 for NIH3T3 and 1.5 mg/ml for BHK-A and
BHK-B. Clones were pooled and used for further analysis.
Alternatively, retroviral vectors were derived from TE-Fly
A7 (kind gift of J.-L. Cosset via Otto Merten (Genethon,
(Cosset et al., 1995)), an amphotropic packaging cell line
transfected with pMFGNLSlacZ (Ferry et al., 1991).
Thermal stability of retroviruses
Retrovirus-releasing and mock-infected cells were
grown to confluency at 37 or 32°C. Medium was changed
and cells were grown at the desired temperature for the
indicated time period. Supernatants were removed and fil-
tered (0.45 m). Cells were counted using trypan dye ex-
clusion. Supernatants were transferred to tightly sealed
tubes and incubated at the desired temperature (4 and 19°C)
for the indicated time periods (0, 1, 2, 4, 8, 16, and 32 days).
Thereafter, residual titers were determined as detailed later.
Retroviral titers were plotted on time and half-life times
were derived from the decay curves using the fit curve
program (Sigma Plot 4.0 software, Jandel Scientific).
Titer assay
One day prior to infection NIH3T3 indicator cells were
seeded into 24-well plates (3  103/cm2). Cells were infected
in the presence of 8 g/ml Polybrene with filtered (0.45 m,
SpinX, Costar) serially diluted supernatants from infected and
mock-infected cells. Medium was replaced by fresh medium 1
day later and changed to selective medium (1 mg/ml G418) 2
days after transfection. Ten days after infection surviving
clones were stained with crystal-violet and counted.
Enzymatic cholesterol/cholesterol ester determination
Cholesterol was quantitated using the Infinity cholesterol
reagent kit (Sigma) after chloroform/methanol extraction of
cells. The kit allows the enzymatic quantification of choles-
terol and cholesterol esters.
Briefly, detached cells were resuspended in hypoosmotic
buffer (15 mM KCl, 1.5 mM magnesium acetate, 1 mM DTT,
10 mM Hepes, pH 7.5) and incubated for 5–10 min on ice.
Subsequently, cells were centrifuged (180g, 5 min). Cells were
resuspended in 3.5 vol hypoosmotic buffer and homogenized
in RiboLyser tubes (Hybaid) in a RiboLyser centrifuge (4000
rpm, 20 s). The supernatant was extracted with 2 vol of chlo-
roform/methanol (2/1 v/v) and phases were separated by cen-
tifugation (2000g/5 min). The organic phase was transferred
into a glass vial followed by evaporation of the solvent in a
continuous air stream. The dried extract was incubated with 1
ml cholesterol reagent (0.3 U/ml cholesterol oxidase, 0.1 U/ml
cholesterol esterase, 1 U/ml peroxidase, 30 nmol/ml p-hy-
droxybenzene sulfonate, pH 6.5) for 30 min at room temper-
ature or 10 min at 37°C. OD500nm was determined in a Hitachi
spectrophotometer and cholesterol levels were determined us-
ing cholesterol standard curves as reference.
Determination of the cholesterol concentration of MLV-A
particles
MLV-A-containing supernatants were filtrated (0.45
m) and centrifugated for 2 h at 4°C with 30,000 rpm in a
SW40Ti Rotor (Beckman). The pellet was resuspended in
200 l PBS. The determination of the cholesterol level of
the viruses was performed as described above.
MBCD treatment of viral particles
A 10 ml MLV-A-containing supernatant was filtrated
(0.45 m) and no or 5 mM methyl--cyclodextrin (Sigma)
was added. After slightly shaking at 4°C for 5 min the
viruses were concentrated using ultrafiltration (Centriprep-
50, Amicon) and simultaneously MBCD was washed out (5
washing steps).
SDS-PAGE and Western blot analysis
The viruses were concentrated using ultrafiltration (Cen-
triprep-50, Amicon). The protein concentration of the virus
suspension was determined using the BCA protein assay kit
as described by the manufacturer (Pierce). After precipita-
tion of the proteins using ethanol, the pellet was resus-
pended in gel loading buffer (64 mM Tris, 1.3% SDS, 30
mM DTE, 17% glycerol, 0.01% bromphenol blue, pH 6.7)
and incubated for 5 min at 95°C. After centrifugation for 1
min at 20,000g the viral samples were seperated using a
12.5% SDS-polyacrylamide gel. Subsequently, the proteins
were transferred to an Immobilon NC membrane (Milli-
pore) using a TransBlotTM SD transfer cell (Bio-Rad). The
membrane was blocked (1 h in Tris-buffered saline contain-
ing 10% horse serum and 3% bovine serum albumin) and
immunostaining was performed with monoclonal p30 or
envelope-specific IgG antibodies derived from rat hy-
bridomas (anti-MLV SU:83A25, kindly provided by
L.H.Evans; anti-MLV p30: ATTC CRL-1912) (o/n incuba-
tion, 1:200 dilution) and goat anti-rat IgG coupled to horse-
radish peroxidase, as secondary antibody (1:1000 dilution).
The blots were developed with TMB-stabilized substrate for
HRP (Promega). The band intensities were quantified using
Easy Win 32 (Herolab).
Statistical analysis
For the statistical analysis the Weir test was used which
is used for small but equal numbers of probes with approx-
imate normal distrubution. For a 5% significance level the
data are significantly different if t  2. To calculate the
statistical significance the data were normalized.
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